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T
he two main GNSS receiver market segments, 
professional high-precision receivers and mass-
market/consumer receivers, have very different 
structure, objectives, features, architecture, and cost. Mass-
market receivers are produced in very high volume — 
hundreds of millions for smartphones and tablets — and 
sold at a limited price, and in-car GNSS systems represent 
a market of tens of millions of units per year. The reason 
for these exploding markets can be found not only in the 
improvements in electronics and integration, but also 
in the increasing availability of new GNSS signals. In 
coming years, with Galileo, QZSS, BeiDou, GPS-L1C, and 
GLONASS-CDMA all on the way, the silicon manufacturer 
PXVWFRQWLQXHWKHSDWKWRZDUGVWKHIXOO\ÀH[LEOHPXOWL
constellation mass-market receiver. 
Mass-market receivers feature particular signal 
processing techniques, different from the acquisition and 
tracking techniques of standard GNSS receivers, in order 
to comply with mobile and consumer devices’ resources 
and requirements. However, a limited documentation 
is present in the open literature concerning consumer 
devices’ algorithms and techniques; besides a few papers, 
all the know-how is protected by patents, held by the 
main manufacturers, and mainly focused on the GPS 
L1 C/A signal. We investigate and prove the feasibility 
of such techniques by semi-analytical and Monte Carlo 
simulations, outlining the estimators sensitivity and 
accuracy, and by tests on real Galileo IOV signals. 
To understand, analyze, and test this class of 
algorithms, we implemented a fully software GNSS 
receiver, running on a personal computer. It can process 
hardware- and software-simulated GPS L1 C/A and 
Galileo E1BC signals, as well as real signals, down-
converted at intermediate frequency (IF), digitalized and 
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stored in memory by a front-end/bit grabber; it can also 
output standard receiver parameters: code delay, Doppler 
frequency, carrier-to-noise power density ratio (C/N
0
), 
phase, and navigation message. The software receiver 
LVIXOO\FRQ¿JXUDEOHH[WUHPHO\ÀH[LEOHDQGUHSUHVHQWV
an important tool to assess performance and accuracy of 
selected techniques in different circumstances.
Code-Delay Estimation
The code-delay estimation is performed in the software 
receiver by a parallel correlation unit, giving as output a 
multi-correlation with a certain chip spacing. This approach 
presents some advantages, mostly the fact that the number 
of correlation values that can be provided is thousands of 
times greater, compared to a standard receiver channel. 
Use of multiple correlators increases multipath-rejection 
capabilities, essential features in mass-market receivers, 
especially for positioning in urban scenarios. The multi-
FRUUHODWLRQRXWSXWLVH[SORLWHGWRFRPSXWHWKHUHFHLYHG
signal code delay with an open-loop strategy and then to 
compute the pseudorange.
In the simulations performed, the multi-correlation has 
a resolution of 1/10 of a chip, which is equivalent to 30 
meters for the signals in question; to increase the estimate 
accuracy, Whittaker-Shannon interpolation is performed 
on the equally spaced points of the correlation function 
belonging to the correlation peak.
The code-delay estimate accuracy is reported in 
FIGURES 1 and 2. The results are obtained with Monte Carlo 
simulations on simulated GNSS signals, with sampling 
frequency equal to 16.3676 MHz. In particular, a GPS L1 
C/A signal is considered, affected by constant Doppler 
frequency equal to zero for the observation period, 
WRDYRLGWKHHIIHFWRIG\QDPLFV7KH¿JXUHVVKRZWKH
standard deviation of the code estimation error, that is, 
the difference between the estimated code delay and the 
WUXHRQHH[SUHVVHGLQPHWHUVSVHXGRUDQJHHUURUVWDQGDUG
deviation) for different values of C/N
0
. To evaluate the 
quality of the results, the theoretical delay locked loop 
(DLL) tracking jitter is plotted for comparison, as 
     
 
where B
n
 is the code loop noise bandwidth, R
c
 is the 
chipping rate, B
fe
 is the single sided front-end bandwidth, T
c
 
is the coherent integration time, and c is the speed of light.
,QWKHWZR¿JXUHVWKHUHGFXUYHVKRZVWKHWKHRUHWLFDO
tracking jitter for a DLL, which can be considered as term 
of comparison for code-delay estimation. To correlate the 
results, a E-L spacing equal to D = 0.2 chip is chosen, 
and the code-delay error values of the software receiver 
VLPXODWLRQDUH¿OWHUHGZLWKDPRYLQJDYHUDJH¿OWHU
%\DYHUDJLQJVHFRQGVRIGDWDIRUH[DPSOH/ 
values spaced 16 milliseconds), an equivalent closed-loop 
bandwidth of about 1 Hz can be obtained:
  
In particular, in Figure 1, a coherent integration time 
equal to 1 millisecond (ms) and 16 non-coherent sums are 
considered, while in Figure 2 a coherent integration time 
equal to 4 ms and 16 non-coherent sums, spanning a total 
time T=64 ms, are considered. In both cases, the software 
UHFHLYHUUHVXOWVDUHH[WUHPHO\JRRGIRUKLJK 
C/N
0
. The code-delay error estimate is slightly higher 
than its equivalent in the DLL formulation. The open-loop 
HVWLPDWLRQHUURUQRWDEO\LQFUHDVHVLQWKH¿UVWFDVHEHORZ
40 dB-Hz due to strong outliers, whose probability of 
occurrence depends on the C/N
0
. In fact, this effect 
is smoothed in the second case, where the coherent 
integration time is four times larger, thus improving the 
signal-to-noise ratio.
Nevertheless, the comparison between open loop multi-
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 ▲ FIGURE 1  Comparison between code delays estimation accuracy, 
T
c
=1 ms , T=16 ms, B=1 Hz, D=0.2 chip.
 ▲ FIGURE 2  Comparison between code delays estimation accuracy, 
T
c
=4 ms, T=64 ms, B=1 Hz, D=0.2 chip.
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correlation approach and closed loop 
'//LVGLI¿FXOWDQGDSSUR[LPDWH
EHFDXVHWKHSDUDPHWHUVLQYROYHG
DUHGLIIHUHQWDQGWKHUHVXOWVDUHRQO\
TXDOLWDWLYH
Doppler Frequency Estimation
,QWKHSDUWLFXODUFDVHRIWKHVRIWZDUH
UHFHLYHUGHYHORSHGKHUHWKHUHVLGXDO
'RSSOHUIUHTXHQF\DIIHFWLQJWKH
*166VLJQDOLVHVWLPDWHGE\PHDQV
RIDPD[LPXPOLNHOLKRRGHVWLPDWRU
0/(RQDVQDSVKRWRIVDPSOHV
H[SORLWLQJRSHQORRSVWUDWHJ\,Q
IDFWGHVSLWHWKHKLJKHUVWDQGDUG
GHYLDWLRQRIWKHIUHTXHQF\HUURU
MLWWHURSHQORRSSURFHVVLQJRIIHUV
LPSURYHGWUDFNLQJVHQVLWLYLW\KLJKHU
WUDFNLQJUREXVWQHVVDJDLQVWIDGLQJDQG
LQWHUIHUHQFHDQGEHWWHUVWDELOLW\ZKHQ
LQFUHDVLQJWKHFRKHUHQWLQWHJUDWLRQ
WLPH,QDGGLWLRQWKHRSHQORRS
DSSURDFKGRHVQRWUHTXLUHWKHGHVLJQ
RIORRSILOWHUVDYRLGLQJSUREOHPV
ZLWKORRSVWDELOLW\$FHUWDLQQXPEHU
RIVXFFHVVLYHFRUUHODWRUYDOXHV
FRPSXWHGLQWKHPXOWLSOHFRUUHODWLRQV
EORFNDUHFRPELQHGLQDIDVW)RXULHU
WUDQVIRUP))7DQGLQWHUSRODWHG
FIGURE 3VKRZVWKHURRWPHDQ
VTXDUHHUURU506(RIWKH
IUHTXHQF\HVWLPDWHYHUVXVVLJQDO 
C/N
0
REWDLQHGFROOHFWLQJFRKHUHQW
DFFXPXODWLRQVRIPVRID*DOLOHR
(%VLJQDOWKHQFRPSXWLQJD
SRLQWV))7VSDQQLQJDWLPHLQWHUYDO
RIPVDQG¿QDOO\UH¿QLQJ
WKHUHVXOWZLWKDQLQWHUSRODWLRQ
WHFKQLTXH7KUHHGLIIHUHQWFXUYHVDUH
VKRZQFRUUHVSRQGLQJUHVSHFWLYHO\
to:
◾ WKH506(GHULYHGIURP
VLPXODWLRQVFDUULHGRXWZLWK*166
GDWDVLPXODWHGZLWKWKH1)8(/6
VLJQDOJHQHUDWRU
◾ DVHPLDQDO\WLFDOHVWLPDWLRQ
H[SORLWLQJWKHVDPHDOJRULWKP
◾ WKH&UDPHU5DRORZHUERXQG
&5/%IRUIUHTXHQF\HVWLPDWLRQ
VKRZQDV
 
 
ZKHUHf
s
LVWKHVDPSOLQJIUHTXHQF\
$ZHOONQRZQGUDZEDFNLVWKH
VRFDOOHGWKUHVKROGHIIHFW%HORZD
certain C/N
0
WKHIUHTXHQF\HVWLPDWH
FRPSXWHGZLWK0/(VXIIHUVIURPDQ
HUURUDQGWKH506(LQFUHDVHVZLWK
UHVSHFWWRWKH&5/%
Mass-Market Design Drivers
2QFHZHKDYHDQDO\]HGWKHIHDWXUHV
RIVRPHPDVVPDUNHWDOJRULWKPV
ZLWKDVRIWZDUHUHFHLYHUZHFDQ
PRYHWRZDUGWKHSHUIRUPDQFHRID
UHDOPDVVPDUNHWGHYLFHWRFRPSDUH
UHVXOWVDQGFRQILUPLPSURYHPHQWV
EURXJKWE\WKHQHZ*DOLOHRVLJQDOVVR
IDUPDLQO\NQRZQIURPDWKHRUHWLFDO
SRLQWRIYLHZ
$UHFHQWVXUYH\LGHQWL¿HGWKUHH
PDLQGULYHUVLQWKHGHVLJQRIDPDVV
PDUNHWUHFHLYHUFRPLQJGLUHFWO\
IURPXVHUQHHGVDQGVROYDEOHLQ
GLIIHUHQWZD\V
 Time-to-first-fix (TTFF) corresponds 
WRKRZIDVWDSRVLWLRQYHORFLW\DQG
WLPH397VROXWLRQLVDYDLODEOH
DIWHUWKHUHFHLYHULVSRZHUHGRQWKDW
LVWKHWLPHWKDWDUHFHLYHUWDNHVWR
DFTXLUHDQGWUDFNDPLQLPXPRIIRXU
VDWHOOLWHVDQGWRREWDLQWKHQHFHVVDU\
LQIRUPDWLRQIURPWKHGHPRGXODWHG
QDYLJDWLRQGDWDELWVRUIURPRWKHU
VRXUFHV
Capability in hostile environments
IRUH[DPSOHZKLOHFURVVLQJDQXUEDQ
FDQ\RQRUZKHQKLNLQJLQDIRUHVW
LVPHDVXUHGLQWHUPVRIVHQVLWLYLW\
,WFDQEHYHUL¿HGE\GHFUHDVLQJ
WKHUHFHLYHGVLJQDOVWUHQJWKDQGRU
DGGLQJPXOWLSDWKPRGHOV
 Power consumptionRIWKHGHYLFH
*166FKLSVHWLVLQJHQHUDOYHU\
GHPDQGLQJDQGFDQSURGXFHDQRW
QHJOLJLEOHEDWWHU\GUDLQ
:HDQDO\]HGWKHVHWKUHHGULYHUV
ZLWKDFRPPHUFLDOPDVVPDUNHW
UHFHLYHUDQGZLWKWKHVRIWZDUH
UHFHLYHU
Open-Sky TTFF Analysis
77))GHSHQGVRQWKHDUFKLWHFWXUHRI
WKHUHFHLYHUIRUH[DPSOHWKHQXPEHU
RIFRUUHODWRUVRUWKHDFTXLVLWLRQ
VWUDWHJ\RQWKHDYDLODELOLW\RI
DVVLVWDQFHGDWDVXFKDVURXJK
UHFHLYHUSRVLWLRQDQGWLPHRUVSDFH
YHKLFOHV¶69HSKHPHULVGDWDDQG
RQWKHEURDGFDVWQDYLJDWLRQPHVVDJH
VWUXFWXUH6RPHUHFHLYHUVOLNHWKH
RQHXVHGKHUHIRUWHVWLQJHPEHG
DQDFTXLVLWLRQHQJLQHWKDWFDQEH
DFWLYDWHGRQUHTXHVWDQGDVVXUHVD
ORZDFTXLVLWLRQWLPHPRUHRYHUWKH\
LPSOHPHQWHSKHPHULVH[WHQVLRQ,Q
FRQWUDVWRWKHUFRQVXPHUUHFHLYHU
PDQXIDFWXUHUVH[SORLWDEDVHEDQG
FRQILJXUDEOHSURFHVVLQJXQLWVLPLODU
WRWKHRQHLPSOHPHQWHGLQWKH
VRIWZDUHUHFHLYHUZLWKWKRXVDQGVRI
SDUDOOHOFRUUHODWRUVJHQHUDWLQJDPXOWL
FRUUHODWRURXWSXWZLWKFRQILJXUDEOH
VSDFLQJGHSHQGLQJRQWKHDFFXUDF\
UHTXLUHG%\VHOHFWLQJDQDSSURSULDWH
QXPEHURIFRUUHODWRUVGHSHQGLQJ
RQWKHDYDLODEOHDVVLVWDQFHGDWDDQG
RQWKHDFFXUDF\UHTXLUHGWKH77))
FRQVHTXHQWO\YDULHV
:HDVVHVVHGWKHSHUIRUPDQFHRI
WKHUHFHLYHUXQGHUWHVWIRUGLIIHUHQW
 ▲ FIGURE 3  Doppler frequency estimate 
RMSE versus C/N
0
 in super-high resolution 
with T=64 ms, comparison between 
theoretical and simulated results.
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 ▲ FIGURE 4  Hot start TTFF for Galileo+GPS 
configuration versus C/N
0
 using the test  
receiver.
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C/N
0
, for hot, warm, and cold start, and for different 
constellation combinations, exploiting hardware-
simulated GNSS data. Good results are achieved, 
especially when introducing Galileo signals.
FIGURE 4 reports the hot-start TTFF for different C/N
0
 
values in the range 25–53 dB-Hz, computed using the 
receiver. The receiver, connected to a signal generator, 
LVFRQ¿JXUHGLQGXDOFRQVWHOODWLRQPRGH*36DQG
Galileo) and carries out 40 TTFF trials, with a random 
delay between 15 and 45 seconds. In a standard additive 
ZKLWH*DXVVLDQQRLVH$:*1FKDQQHODQGLQKRWVWDUW
conditions, the results mainly depend on the acquisition 
strategy and on the receiver availability of correlators 
and acquisition engines. In an ideal case with open-sky 
conditions and variable C/N
0
, the introduction of a 
second constellation only slightly improves the TTFF 
performance; this result cannot be generalized since it 
mainly depends on the acquisition threshold of the receiver, 
which can change using signals of different constellations. 
In real-world conditions, the situation can vary.
Cold Start. Secondly, we analyze TTFF differences due 
WRWKHGLIIHUHQWVWUXFWXUHRI*36DQG*DOLOHRQDYLJDWLRQ
PHVVDJHV7KH,1$9PHVVDJHRIWKH*DOLOHR(VLJQDO
DQGWKHGDWDEURDGFDVWE\*36/&$VLJQDOVFRQWDLQ
data related to satellite clock, ephemeris, and GNSS time: 
SDUDPHWHUVUHOHYDQWWRWKHSRVLWLRQ¿[VLQFHWKH\GHVFULEH
the position of the satellite in its orbit, its clock error, and 
the transmission time of the received message. 
TABLE 1 shows some results in the particular case of 
FROGVWDUWZLWKDQLGHDORSHQVN\$:*1VFHQDULR7KH
77))LVVLJQL¿FDQWO\ORZHUZKHQXVLQJ*DOLOHRVDWHOOLWHV
ZKLOHWKHPHDQ77))ZKHQWUDFNLQJRQO\*36VDWHOOLWHV
LVHTXDOWRDERXWVHFRQGVVLWGHFUHDVHVWRV
when considering only Galileo satellites, and to 22.5 s in 
the case of dual constellation. Similarly, the minimum and 
maximum TTFF values are lower when tracking Galileo 
VDWHOOLWHV7KHSHUFHQWSUREDELOLW\YDOXHVFRQ¿UPWKH
WKHRUHWLFDOH[SHFWDWLRQV$JDLQLQWKHLGHDOFDVHZLWK
open-sky conditions, the results with two constellations 
are quite similar to the performance of the signal with 
faster TTFF. However, in non-ideal conditions, use of 
multiple constellations represents a big advantage and 
underlines the importance of developing at least dual-
constellation mass-market receivers.
Furthermore, it is interesting to analyze in more detail 
WKHFDVHRID*36DQG*DOLOHRMRLQWVROXWLRQ*36DQG
Galileo system times are not synchronized, but differ 
E\DVPDOOTXDQWLW\GHQRWHGDVWKH*36*DOLOHR7LPH
2IIVHW**72:KHQFRPSXWLQJD397VROXWLRQZLWK
mixed signals, three solutions are possible: to estimate 
LWDVD¿IWKXQNQRZQWRUHDGLWIURPWKHQDYLJDWLRQ
PHVVDJHRUWRXVHSUHFRPSXWHGYDOXH,QWKH¿UVWFDVH
it is not necessary to rely on the information contained 
in the navigation message, eventually reducing the 
77))+RZHYHU¿YHVDWHOOLWHVDUHUHTXLUHGWRVROYHWKH
¿YHXQNQRZQVDQGWKLVLVQRWDOZD\VWKHFDVHLQXUEDQ
scenarios or harsh environments, as will be proved 
below. On the contrary, in the second case, it is necessary 
to obtain the GGTO information from the navigation 
message, and since it appears only once every 30 seconds, 
in the worst case it is necessary to correctly demodulate 
VHFRQGVRIGDWD%RWKDSSURDFKHVVKRZEHQH¿WVDQG
disadvantages, depending on the environment. The 
receiver under test exploits the second solution: in this 
case, it is possible to see an increase in the average TTFF 
ZKHQXVLQJDFRPELQDWLRQRI*36DQG*DOLOHRGXHWR
the demodulation of more sub-frames of the broadcast 
message.
min Max Mean 95%
GPS 22.2 40.1 31.9 36.2
Galileo 18.6 36.6 24.7 32.3
GPS+Galileo 19.6 35.4 22.5 31.9
 ▲ TABLE 1  Comparison between TTFF (in seconds) in cold start for 
different constellation combinations.
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Sensitivity: Performance in Harsh Environments
Harsh environment is the general term used to describe 
those scenarios in which open sky and ideal propagation 
conditions are not fulfilled. It can include urban canyons, 
where the presence of high buildings limits the SV 
visibility and introduces multipath; denied environments, 
where unintentional interference may create errors in the 
processing; or sites where shadowing of line-of-sight (LoS) 
path is present, for example due to trees, buildings, and 
tunnels. In these situations it is necessary to pay particular 
attention to the signal-processing stage; performance is in 
general reduced up to the case in which the receiver is not 
able to compute a fix. 
$¿UVWDWWHPSWWRPRGHOVXFKDQHQYLURQPHQWKDV
been introduced in the 3GPP standard together with 
WKHGH¿QLWLRQRI$*166PLQLPXPSHUIRUPDQFH
requirements for user equipment supporting other 
$*166VWKDQ*36/&$RUPXOWLSOH$*166VZKLFK
PD\RUPD\QRWLQFOXGH*36/&$7KHVWDQGDUGWHVW
cases support up to three different constellations; in dual-
constellation case it foresees three satellites in view for 
each constellation with a horizontal dilution of precision 
+'23UDQJLQJIURPWR
7RSHUIRUP77))DQGVHQVLWLYLW\WHVWVDSSO\LQJWKH
*33VWDQGDUGWHVWFDVHZHFRQ¿JXUHGD*166VLPXODWRU
scenario with the following characteristics, starting from 
the nominal constellation:
◾ 6L[69VWKUHH*36ZLWK351DQGWKUHH*DOLOHR
ZLWKFRGHQXPEHU
◾ +'23LQWKHUDQJH±
◾ QRPLQDOSRZHUDVSHUFRUUHVSRQGLQJ6,6,&'
◾ user motion, with a heading direction towards 90° 
D]LPXWKDWDFRQVWDQWVSHHGRINLORPHWHUVKRXUNPK
In addition to limiting the number of satellites, we 
LQWURGXFHGDQDUURZEDQGPXOWLSDWKPRGHO7KHPXOWL69
two-states land mobile satellite (LMS) model simulator 
generated fading time series representative of an urban 
HQYLURQPHQW7KHPRGHOLQFOXGHVWZRVWDWHV
◾ a good state, corresponding to LOS condition or light 
shadowing;
◾ DEDGVWDWHFRUUHVSRQGLQJWRKHDY\VKDGRZLQJEORFNDJH
Within each state, a Loo-distributed fading signal is 
assumed. It includes a slow fading component (lognormal 
fading) corresponding to varying shadowing conditions 
of the direct signal, and a fast fading component due to 
multipath effects. In particular, the last version of the 
two-state LMS simulator is able to generate different 
but correlated fading for each single SV, according to 
its elevation and azimuth angle with respect to the user 
position: the angular separation within satellites is crucial, 
since it affects the correlation of the received signals. 
7KLVDSSURDFKLVEDVHGRQDPDVWHU±VODYHFRQFHSW
where the state transitions of several slave satellites are 
modeled according to their correlation with one master 
satellite, while neglecting the correlation between 
WKHVODYHVDWHOOLWHV7KHQXLVDQFHVJHQHUDWHGDUHWKHQ
imported in the simulator scenario, to timely control 
phase and amplitude of each simulator channel. Using 
this LMS scenario, the receiver’s performance in harsh 
HQYLURQPHQWVKDVEHHQWKHQYHUL¿HGZLWKDFTXLVLWLRQ
77))DQGWUDFNLQJWHVWV
7KH77))ZDVHVWLPDWHGZLWKDERXWWHVWVLQKRW
ZDUPDQGFROGVWDUW¿UVWXVLQJERWK*36DQG*DOLOHR
satellites, and then using only one constellation. In 
WKHVHFRQGFDVHRQO\WKH'¿[LVFRQVLGHUHGVLQFH
according to the scenario described, at maximum three 
satellites are in view. TABLE 2 reports the results for the 
GXDOFRQVWHOODWLRQFDVHLQKRWVWDUWWKHDYHUDJH77))LV
DERXWVDQGLWLQFUHDVHVWRVDQGVUHVSHFWLYHO\
IRUWKHZDUPDQGFROGFDVHV&OHDUO\WKHUHVXOWVDUHPXFK
worse than in the case reported earlier of full open-sky 
$:*1FRQGLWLRQV,QWKLVVFHQDULRRQO\VL[VDWHOOLWHV
are available at maximum; moreover, the presence of 
multipath and fading affects the results, and they exhibit 
a larger variance, because of the varying conditions of the 
scenario.
TABLE 3 shows similar results, but for the GPS-only case. 
,QWKLVFDVHWKHUHFHLYHUZDVFRQ¿JXUHGWRWUDFNRQO\*36
VDWHOOLWHV7KHPHDQ77))LQFUHDVHVERWKLQWKHKRWDQG
in the warm case, whereas in cold start it is not possible 
FRPSXWHD'¿[ZLWKRQO\WKUHHVDWHOOLWHVWKHDPELJXLW\
of the solution cannot be solved if an approximate 
position solution is not available. It may seem unfair to 
compare a scenario with three satellites and one with 
six satellites. However, it can be assumed that this is 
representative of what happens in limited-visibility 
conditions, where a second constellation theoretically 
 ▲ TABLE 2  TTFF (in seconds) exploiting GPS and Galileo constellations 
in harsh environments.
min Max Mean
HOT start  4.5 12.4 7.9
WARM start 31.5 67.2 36.3
COLD start 40.5 265.7 105.0
min Max Mean
HOT start 4.7 38.0 11.8
WARM start 31.6 109.7 51.9
COLD start N.A. (*) N.A. (*) N.A. (*)
 * 4 SVs required for cold start
 ▲ TABLE 3  TTFF (in seconds) exploiting only GPS constellations in 
harsh environments.
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doubles the number of satellites in 
view.
7KHUHVXOWVFRQ¿UPWKHEHQH¿WV
of dual-constellation mass-market 
receivers in harsh environments 
where the number of satellites in 
view can be very low. Making use 
of the full constellation of Galileo 
satellites will allow mass-market 
receivers to substantially increase 
performances in these scenarios.
Tracking.We carried out a 30-minute 
tracking test with both the receiver 
and the software receiver model. 
Both were able to acquire the six 
satellites and to track them, even 
with some losses of lock (LoLs) due 
WRIDGLQJDQGPXOWLSDWKUHÀHFWLRQV
FIGURE 5 shows the number of 
satellites in tracking state in the 
receiver at every second, while FIGURE 
6 shows the HDOP as computed 
by the receiver. When all six 
satellites are in tracking state, the 
HDOP lies in the range 1.4 – 2.1, as 
GH¿QHGLQWKHVLPXODWLRQVFHQDULR
on the contrary, as expected, in 
correspondence with a LoL it 
increases.
FIGURE 7 compares the signal power 
generated by the simulator and the 
power estimated by the receiver, in 
the case of GPS PRN 7 and Galileo 
code number 23. This proves the 
tracking capability of the receiver 
also for high sensitivity. To deal with 
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 ▲ FIGURE 7  C/N
0
 estimate computed by 
the receiver in harsh environments and 
compared with the signal power.
 ▲ FIGURE 6  HDOP computed by the test 
receiver in the Multi-SV LMS simulation.
 ▲ FIGURE 5  Number of satellites tracked 
by the test receiver in the Multi-SV LMS 
simulation.
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low-power signals, the integration 
time is extended both for GPS and 
for Galileo, using the pilot tracking 
mode in the latter case. 
FIGURES 8 and 9 show respectively 
the position and the velocity solution. 
,QWKH¿UVWFDVHODWLWXGHORQJLWXGH
and altitude are plotted, while in 
the second case the receiver speed 
estimate in km/h is reported. 
In this framework it is possible 
to evaluate the advantages and 
disadvantages of using the broadcast 
GGTO when computing a mixed 
GPS and Galileo position. When 
the LMS channel conditions are 
good, all six SVs in view are in 
tracking state, as shown in Figure 5. 
However, when the fading becomes 
important, the number is reduced to 
only two satellites. If the receiver is 
designed to extract the GGTO from 
the navigation message, then a PVT 
solution is possible also when only 
four satellites are in tracking state, 
that is for 90 percent of the time in 
WKLVVSHFL¿FFDVH2QWKHFRQWUDU\
if the GGTO has to be estimated, 
one more satellite is required, and 
WKLVFRQGLWLRQLVVDWLV¿HGRQO\
percent of the time, strongly reducing 
WKHSUREDELOLW\RIKDYLQJD¿[
Nevertheless, estimating the GGTO 
requires the correct demodulation 
of the navigation message, and this 
is possible only if the signal is good 
HQRXJKIRUDVXI¿FLHQWWLPH
Power-Saving Architectures
The final driver for mass-market 
receivers design is represented by 
power consumption. Particularly 
for chips suited for portable devices 
running on batteries, power drain 
represents one of the most important 
design criteria. To reduce at maximum 
the power consumption, chip 
manufacturers have adopted various 
solutions. Most are based on the 
concept that, contrarily to a classic 
GNSS receiver, a mass-market receiver 
is not required to constantly compute 
a PVT solution. In fact, most of the 
time, GNSS chipsets for consumer 
devices are only required to keep 
updated information on approximate 
time and position and to download 
clock corrections and ephemeris data 
with a proper time rate, depending on 
the navigation message type and the 
adopted extended ephemeris algorithm. 
Then, when asked, the receiver can 
quickly provide a position fix. By 
reducing the computational load of the 
device during waiting mode, power 
consumption is reduced proportionally.
To better understand advantages 
and disadvantages of power saving 
techniques, some of them have been 
studied and analyzed in detail. In 
particular, the algorithm implemented 
in the software receiver model is 
based on two different receiver states: 
an active state, in which all receiver 
parts are activated, as in a standard 
receiver, and a sleep state, where the 
receiver is not operating at all. In the 
sleep state, the GNSS RF module, 
GNSS baseband, and digital signal 
processor core are all switched off. 
By similarity to a square wave, these 
types of tracking algorithms are also 
called duty-cycle (DC) algorithms. 
Exploiting the software approach’s 
ÀH[LELOLW\ZHFDQWHVWWKHHIIHFWRI
two important design parameters:
◾ sleep period length;
◾ minimum active period length.
Their setting is not trivial and 
depends on the channel conditions, 
on the signal strength, on the number 
of satellites in view, on the user 
G\QDPLFVDQG¿QDOO\RQWKHUHTXLUHG
accuracy.
In the software receiver simulations 
performed, the active mode length is 
¿[HGWRPVWKHUHFHLYHUFROOHFWV
FRUUHODWLRQYDOXHVZLWKFRKHUHQW
LQWHJUDWLRQWLPHHTXDOWRPVWR
perform frequency estimation as 
described above. Then it switches 
WRVOHHSVWDWHIRUPVXQWLOD
real-time clock (RTC) wake-up 
initiates the next full-power state. In 
WKLVZD\D¿[LVDYDLODEOHDWWKHUDWH
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 ▲ FIGURE 8  Test receiver position solution in LMS scenario.  ▲ FIGURE 9  Test receiver velocity solution in LMS scenario.
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 ▲ FIGURE 10  Duty cycle tracking pattern in 
the software receiver simulations.
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 ▲ FIGURE 11  Galileo-only mobile fix, computed on March 12, 2013.
of 1 s, as summarized in FIGURE 10. 
However, there are some situations 
where the receiver may stay in full-
power mode, for example during 
the initialization phase, to collect 
important data from the navigation 
message, such as the ephemeris, and 
to perform RTC calibration.
7KHUHDUHEHQH¿WVRIXVLQJWKLV
approach coupled to Galileo signals: 
the main impact is the usage of 
the pilot codes. Indeed, a longer 
integration time allows reducing the 
active period length, which most 
impacts the total power consumption, 
being usually performed at higher 
repetition rate. 
Some simulations were carried 
out to assess the performance of 
DC algorithms in the software 
receiver. While in hardware 
LPSOHPHQWDWLRQVWKHGLUHFWEHQH¿WLV
the power computation, in a software 
implementation it is not possible 
to see such an improvement. The 
reduced power demand is translated 
into a shorter processing time for 
each single-processing channel. 
The DC approach can facilitate the 
implementation of a real-time or 
quasi-real-time software receiver.
The main drawback of using 
techniques based on DC tracking is 
the decrease of the rate of observables 
and PVT solution. However, this 
depends on the application; for some, 
a solution every second is more than 
enough.
Real-Signal Results
On March 12, 2013, for the first 
time  the four Galileo IOV satellites 
were broadcasting a valid navigation 
message at the same time. From 9:02 
CET, all the satellites were visible 
at ESTEC premises, and the first 
position fix of latitude, longitude, 
and altitude took place at the TEC 
Navigation Laboratory at ESTEC 
(ESA) in Noordwijk, the Netherlands. 
At the same time, we were able to 
acquire, track, and compute one of the 
first Galileo-only mobile navigation 
solutions, using the receiver under 
test. Thanks to its small size and 
portability, it was installed on a mobile 
test platform, embedded in ESA’s 
Telecommunications and Navigation 
Testbed vehicle. Using a network 
connection, we could follow, from the 
Navigation Lab, the real-time position 
of the van moving around ESTEC.
FIGURE 11 shows the van’s track, 
obtained by post processing NMEA 
data stored by the receiver evaluation 
board. The accuracy achieved in 
these tests met all the theoretical 
expectations, taking into account the 
limited infrastructure deployed so far. 
In addition, the results obtained with 
the receiver have to be considered 
SUHOLPLQDU\VLQFHLWV¿UPZDUH
supporting Galileo was in an initial 
test phase (for example, absence of a 
proper ionospheric model, E1B-only 
tracking).
Conclusions
Analysis of a receiver’s test results 
confirms the theoretical benefits of 
Galileo OS signals concerning TTFF 
and sensitivity. Future work will 
include the evolution of the software 
receiver model and a detailed analysis 
of power-saving tracking capabilities, 
with a comparison of duty-cycle 
tracking techniques in open loop and in 
closed loop.
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